Objective: The aim of this study was to examine the distribution of trans fatty acids (TFA) in plasma lipid classes and the relationship with dietary intake of TFA. Design: After a 2 week baseline (habitual) diet, all subjects consumed a moderate fat (MF) diet for 3 weeks with the fat being derived mainly from margarine and the rest from lean beef, and then a very low fat (VLF) diet for 3 weeks with the TFA being derived only from the lean beef. Blood samples were collected 2 days prior to the end and also on the last day of each dietary period. Setting: Deakin Institute of Human Nutrition, Deakin University, Geelong, Australia. Subjects: Ten free-living mildly hypercholesterolaemic subjects aged 22 ± 66 were recruited in Geelong. Outcome measures: TFA intake was calculated from analyses of Australian margarines, butter, lean meat and animal fat. The TFA in plasma lipid fractions were separated by AgNO 3 thin-layer chromatography and quantitated by capillary gas ± liquid chromatography using internal standards. Results: The phospholipid (PL) fraction contained more than 60% of the trans-18:1 isomers in the plasma lipids in all subjects. On the baseline diet, the predominant positional isomer of trans-18:1 in PL was D11, whereas in the other lipid classes it was the D9 isomer. The concentration of the D9 isomer increased on the MF diet, particularly in the PL fraction, while the concentration of the D11 isomer decreased in all fractions. On the VLF diet, the total TFA level decreased by approximately 50%, mainly due to decreases in the TFA isomers in the PL and TG fractions. Changes in plasma total and PL TFA, PL D9, D10 and D11 were strongly correlated with dietary TFA intake (P`0.0001). There were also signi®cant association between dietary TFA intake and PL D12 (P 0.003), triacylglycerol D9 (P 0.009), D11 (P 0.0005), total triacylglycerol (P 0.023) and free fatty acid TFA (P 0.042).
Introduction
Naturally occurring unsaturated fatty acids in plants, vegetable oils and animal fats have the double bonds in the cis con®guration, however in ruminant animals the fats contain approximately 5% trans-monounsaturated fatty acids as a result of bio-hydrogenation (Wolff et al, 1998) . In some countries, most of dietary trans fatty acids (TFA) are the result of processing by partial hydrogenation of vegetable or ®sh oils in industry to convert these liquid oils into semisolid fats for margarines. In Australia, ®sh oils are not used in margarine manufacture (Mansour & Sinclair, 1993) .
Several studies have shown that TFA increase lowdensity lipoprotein (LDL-C) and decrease high-density lipoprotein cholesterol (HDL-C) in humans compared with oleic acid (Judd et al, 1994; Sundram et al, 1997; Lichtenstein, 2000) with the effect of TFA on LDL-C being similar to that of butterfat (Almendingen et al, 1995) . Lipoprotein(a) (Lp(a)), an independent risk factor for cardiovascular disease (CVD), was also signi®cantly higher in diets enriched with TFA compared with oleic acid or a saturated fatty acids (SFA) diet (Nestel et al, 1992; Katan et al, 1995; Aro et al, 1995) .
Fatty acid composition of subcutaneous adipose tissue fat has been suggested as a valid indicator of speci®c dietary fatty acid intakes, including TFA (London et al, 1991; Garland et al, 1998; Cantwell, 2000) ; however this is an invasive technique. Few studies have characterized the individual TFA in plasma lipids or have attempted to correlate plasma TFA levels with dietary intake.
A reliable database on the TFA content of processed foods is not available in most countries, which makes it dif®cult to accurately estimate the dietary intake from weighed food records. If plasma TFA level were able to provide an accurate and sensitive index of recent dietary TFA intake, then this non-invasive method might avoid the need to analyse the vast array of different processed foods in order obtain an estimate of an individual's current dietary TFA intake. Although a number of studies have investigated the incorporation of dietary TFA in plasmaa serum lipids fractions (Nestel et al, 1992; Zock et al, 1997; Vidgren et al, 1998) , there is no data on change of positional trans-18:1 isomer in plasmaaserum lipid classes and correlation between TFA intake and positional trans-18:1 isomer in plasmaaserum lipid classes. The aim of this study was to examine the positional trans-18:1 isomer in plasma lipid classes and whether there was a correlation between dietary TFA intake and plasma lipid levels in a dietary intervention study in humans.
Methods

Study design and subjects
This study formed part of a study on the effect of low-fat diets rich in lean meat on blood cholesterol and triacylglycerol in hypercholesterolaemia subjects (Morgan et al, 1997) . The project was approved by the Ethics Committee of Deakin University, and all subjects gave their written consent before participating. The 8 week study consisted of a 2 week baseline period of a self-selected diet. The subjects were then assigned to two diets for a period of 3 weeks each: the fat (MF) diet and the very-low fat (VLF) diet. Three week periods were chosen because previous studies showed that dietary effects on serum lipids and lipoproteins were stabilized within 2 ± 3 weeks (Mensink & Katan, 1987; Bonanome & Grundy, 1988) . The study was run on an out-patient, dietary counselling basis. The subjects prepared their own meals at home, with all lean beefbased meals, olive oil and olive oil margarine being provided by the university.
Subjects were recruited by placing advertisements throughout the university and the local hospital. All subjects completed a medical questionnaire and were apparently healthy apart from mildly raised serum cholesterol concentrations (mean of 7.0 AE 0.8 mmolal). None had received medication known to affect serum lipids for at least 3 months prior to commencement of the study. A total of 10 subjects, six men and four women, with a mean age of 45.8 y (range 22 ± 66) completed the study. All subjects had BMI`30 kgam 2 (mean 25.1 kga 2 , range 21 ± 29). The subjects were asked to keep their activity level constant and to avoid any vigorous exercise program during the study.
Body weights were measured weekly to the nearest 0.1 kg using digital upright scales.
The diet. Subjects were provided with digital kitchen scales and were required to weigh and record all food and drink for the entire duration of the study. All subjects consumed their baseline diet for 2 weeks as the baseline period, which was estimated to contain an average of 154 g (range 15 ± 267) of cooked meataday (beef, veal, lamb, pork, chicken) . To maximize dietary compliance, sample menus were developed for each subject based on their energy intake during the baseline period, and all the subjects were instructed individually by the dietitian. In both the MF and VLF diet periods the subjects were instructed to consume 300 g (raw weight) daily of lean, fully fat-trimmed beef. The lean beef was purchased from a local butcher and supplied to the subjects daily as preweighed packages consisting of various cuts (topside, minced topside and diced steak) which contained an average 3.7 g fata100 g raw wet weight, based on analyses conducted by our group. On the MF diet, subjects consumed approximately 15% of total energy as olive oil or olive oil based margarine. The amount of the oil and the margarine consumed was recorded by the subjects. On VLF diet, the subjects continued to consume the lean beef, however they replaced the olive oil and margarine with a carbohydrate supplement in order to maintain body weight. The carbohydrate supplement (polyjoule from Sharpe Laboratories, Artamen, Australia), is a glucose polymer that can be mixed with fruit juice or cordial, and which provided approximately 15% of total energy (Morgan et al, 1997) .
Allowable foods for both the MLF and VLF diets included skim milk and other non-fat dairy products. Grains and cereal products such as bread and pasta were encouraged. All vegetables and fruits except avocado, soy beans and olives were allowed. Fats, oils, nuts, ®sh and meat (other than that supplied), as well as commercial foods with added fat were excluded from the diet. Jams, soft drinks and sweets were provided with each diet. Subjects were asked to limit alcohol to a maximum of four standard drinks per day for men and two per day for women. Subjects were advised to keep their intake of alcohol consistent from week to week to prevent any variable effects on serum lipids. Table 1 shows the dietary intake of the study periods. Dietary energy and nutrient intake of each subject at the study period was assessed from the dietary record using the SODA software (Computer Models, Australia), which is based on Composition of Food, Australia (National Food Authority, 1995). The TFA content of the diet in the baseline period was estimated from analysis of Australian margarines, butter, meats and animal fats (Mansour & Sinclair, 1993) . In the MF and VLF periods, the TFA intake was calculated based on the de®ned foods which were allowed in each of these periods following analysis of the TFA content of the lean meat (0.14 ga100 g) and the olive oil margarine (10.24 ga100 g). Blood sampling. Blood samples were taken 2 days prior to the end and also on the last day of each dietary period, and the results of the two samples were averaged. Subjects attended the Deakin Clinic in the morning following an overnight fast. Subjects were allowed to sit relaxed for 10 min, and then venous blood was taken in lithium heparin tubes with 21-gauge needles. Plasma were prepared by centrifugation at 4000 rpm for 15 min at 5 C, and aliquoted into separate tubes and stored at 720 C until analysis.
Fatty acid analysis. Total lipid of plasma were extracted with chloroform:methanol 1:1 (C:M, vav) containing 10 mgal of butylated hydroxytoluene (Labco, Victoria, Australia), and 10.71 mgal of C17:0 phospholipid (diheptadecanoyl; PL), 10.87 mgal C17:0 triacylglycerol (triheptadecanoin; TAG), 5.22 mgaml C17:0 free fatty acid (FFA) and 25.97 mgal C17 cholesterol heptadecanoate (NuChek-Prep Inc., MN, USA) as internal standards, as reported previously (Sinclair et al, 1987) . The plasma PL, TAG, FFA and cholesterol ester (CE) fractions were separated by thin-layer chromatography (TLC). The methyl esters of fatty acid of the lipids were prepared by saponi®cation using KOH (0.68 molal in methanol) followed by transesteri®cation with BF, in methanol (Sinclair et al, 1987) . The fatty acid methyl esters of the plasma lipid fractions were further separated on AgNO 3 -TLC plates in a solvent system composed of petroleum ether: diethyl ether 90:10 (vav). The plates were sprayed with 2 H 7 H -dichlorouorescein and the saturated plus trans-18:1 fatty acid bands were visualized under a 366 nm UV lamp. The bands were scraped into te¯on lined screw capped test tubes and the fatty acid methyl ester (FAME) extracted with 3Â2 mL of diethyl ether with centrifugation each time (2500 rpm for 5 min).
The extract was washed with 2 ml of dilute (2 M) ammonia and 1 ml of 20% NaCl to remove 2 H 7 H -dichlorouorescein and Ag + , respectively, and ®nally washed with 2 ml of distilled water to remove any trace of ammonia, checking the washings with pH indicator paper. One water washing was suf®cient to obtain neutral pH. The trans-fatty acid concentrations of plasma PL, CE, FFA and TAG were determined by gas ± liquid chromatography with a BPX70 capillary column (100 m Â 0.22 mm i.d.) as described previously (Mansour & Sinclair, 1993) . Figure 1 illustrates the separation of the TFA isomers in a plasma PL fraction, achieved using this column, prior to solver nitrate TLC fractionation.
Statistical analyses. The data analyses were performed using a StatView software program (Abacus Concepts Inc., Borkeley, CA, USA). Differences between plasma TFA isomers in different lipid fraction on different diet, as well as the relationship between the diet and plasma TFA isomers in different lipid fraction were determined by ANOVA with repeated measures. The values are reported as mean AE s.d. in all the result tables. P-values were two tailed and`0.05 was considered as signi®cant.
Results and discussion
In the baseline diet, it was necessary to estimate the TFA intake because of the lack of data on TFA in the Australian nutrient database. This was conducted using the dietary intake from 7 day weighed food records and the TFA content of margarines, butter, butter ± margarine blends, pork and beef fat as reported previously (Mansour & Sinclair, 1993) . The major dif®culty with the baseline diet was the lack of data for processed foods; however analyses of Australian take-away and processed foods reveals the TFA content to be relatively low, at 3 ± 5% of the fatty acids in 19 separate products (Sinclair, unpublished data) . While it might have been possible to determine the TFA content of double portions of all foods consumed during this study, resources did not permit this. Table 1 reports dietary intake data of the three dietary period. Estimated TFA intake varied between 1.76 and 6.15 gaday for the baseline dietary period (weeks 1 and 2). In the MF dietary period (weeks 3, 4 and 5) the TFA originated from olive oil margarine (3.0 AE 1.2 gaday) and the lean beef (0.6 AE 0.1 gaday), with total TFA intake being 3.6 AE 1.3 (2.57 ± 8.00 gaday). In the VLF period (weeks 6, 7 and 8), all the TFA originated from the lean beef (0.6 AE 0.1, range 0.37 ± 1.01 gaday). The main TFA isomer in lean TFA intakes were estimated from diet records and the determined TFA contents of Australian fats and oils (Mansour & Sinclair, 1993) . In the MF and VLF periods, the TFA intake was calculated based on the de®ned foods which were allowed in each of these periods following analysis of the TFA content of the lean meat (0.14 ga100 g) and the olive oil margarine (10.24 ga100 g) provided to each subject.
trans-18:1 isomers in plasma lipids MP Mansour et al beef was D11 trans-18:1, while in the MF period approximately 85% of the TFA were from the olive oil margarine in which D9 and D10 trans-18:1 were the main TFA isomers (Mansour & Sinclair, 1993) .
Previous studies have reported incorporation of dietary TFA in adipose tissue (Garland et al, 1998; Lemaitre et al, 1998) , in serum PL, TAG and CE (Wood et al, 1993; Vidgren et al, 1998) , in total plasmaaserum (Nestel et al, Mensink & Hornstra, 1995) , and in serum TAG and platelet PL (Schafer & Overvad, 1990) and in serum CE (Zock et al, 1997) . It was found that the total dietary intake of TFA was signi®cantly correlated with the proportion of TFA in adipose tissue (Garland et al, 1998; Lemaitre et al, 1998) , however, variation in the fatty acid composition of adipose tissue obtained from different sites and depths was reported (Schafer & Overvad, 1990) . Cantwell (2000) indicated that the dif®culty in determining correlations between TFA in diet and adipose tissue might be related to different food sources of TFA between countries (vegetable oils andaor ®sh oils). There is no data on the change of positional trans-18:1 isomers in plasmaaserum lipid classes following diets with different levels of TFA.
In the present study, more than half the TFA were found in PL in each diet period and approximately a quarter were in the TAG fraction. On the baseline diet, the main TFA isomer in plasma lipid fractions was the D11 trans-18:1 isomer, while on the MF and VLF diets the main isomer was the D9 trans-18:1 isomer. The D12 trans-18:1 isomer was mainly found in the PL fraction of all the subjects, and only in trace amounts in TAG and FFA fraction samples, while it was not detected in CE fraction.
On the baseline diet, the main trans-18:1 isomer in the PL fraction was D11, whereas in TAG, CE and FFA fractions the D9 isomer was more prevalent than the other isomers. During the MF study period, the most consistent change in all fractions between the baseline diet and the MF diet was an increase in the D9 trans-18:1 isomer, and a decrease in the D11 trans-18:1 isomer. The total D11 trans-18:1 isomer on the baseline diet was 10.8 mgaml compared with 6.7 mgaml on the MF diet, while the D9 trans-18:1 isomer was 10.4 mgaml on the baseline diet compared with 14.7 mgaml on the MF diet. On the VLF diet, there were signi®cant reductions in the TFA levels in all fractions. The major changes in the TFA isomers on the VLF diet compared with the MF diet were decreases in the D9 trans-18 : 1 isomer, particularly in the PL (8.2 ± 2.9 mgaml), TAG (4.0 ± 2.1 mgaml) and CEs (1.4 ± 0.8 mgaml).
The main TFA isomers in the diet in the baseline period were unknown; however the high D11 trans-18:1 isomer levels, particularly in the PL fraction, suggest that ruminant fats were being consumed in higher proportions than margarines which are usually rich in the D9 trans-18:1 isomer. Emken et al (1989) have reported that there is selective discrimination against the incorporation of the D11 isomer compared with the D9 isomer in the TAG, CE and FFA fractions, which would support ruminant products being important dietary sources in this baseline period.
The very low level of the D10 trans-18:1 isomer in all fractions suggests that there may be discrimination against the incorporation of the D10 isomer compared with the D11 and D9 isomers. The main trans-18:1 isomers in the margarines are D10 and D9 and in meat the main isomer is D11 trans-18:1 (Wolff et al, 1998) .
In the MF period the dietary TFA originated from the lean beef and the olive oil margarine (0.6 and 3 gaday, respectively), while on the VLF diet the only signi®cant source of TFA was from the lean beef (0.6 gaday). The results indicate that D9 trans-18:1 in the olive oil-based margarine was incorporated into the plasma PL fraction on the MF diet and that, on the VLF diet, there was an association between the absence of the margarine with a loss of this isomer in the plasma in this period of this study. In other words, in this study there were substantial changes in the types and amounts of the different TFA isomers in plasma lipid fractions which re¯ected the main TFA isomers in the diet of each period. The TFA isomers found in margarines were the major dietary source of TFA in the MF period and the level of the main isomer found in margarine increased signi®cantly in the MF period and then following the absence of this food in the diet, the level of margarinespeci®c TFA isomers declined signi®cantly in the plasma lipid fractions.
Changes in plasma total and PL TFA, PL D9, D10 and D11 were strongly correlated with dietary TFA intake (P`0.0001). There were also signi®cant association between dietary TFA intake and changes in PL D12 (P 0.003), TAG D9 (P 0.009) and D11 (P 0.0005), CE D9 (0.022), FFA D10 (0.017), total TAG (P 0.023) and FFA TFA (P 0.042) ( Table 2 ).
The present results indicate that the measurement of plasma total TFA might be a useful tool to estimate total TFA intake. Furthermore, by using the level of trans-18:1 D9 and trans-18:1 D11 in plasma PL and TAG, it might be possible to estimate the intake of partially hydrogenated vegetable oil and ruminant fat.
